The effect of various harmful substances on proteins of living cells and the response of the proteins to stimulus from such compounds are of interest in many biological problems, such as growth, immunity, disease processes, etc. The little-known stimulus and response phenomena in this field could be investigated if there were available some specific system composed of a purified protein as the target on the one hand and of a known harmful agent on the other.
Certain bacterial extracts and purified toxins have been shown to produce symptoms of disease upon injection of milligram or even microgram amounts in animals and man. In the case of some of these toxins it is possible that the chain of events leading to displacement of the body from the stable to the diseased state is initiated to some extent by direct, specific inhibition of some enzyme system. As part of the reaction to such an effect it seems possible, in view of the normal rapid process of regeneration which proteins undergo, that the regenerative processes in those enzyme systems injured by a toxin play a role in the production of immunity.
The possible role of such enzymes in the development of the diseased state and of immunity could be investigated with an appropriate system composed of purified antigenic toxin and its biochemical target in the host. However, very little is known of specific effects of antigenic toxins in disease. As a first step in finding a measurable system, we have sought the physiological target of Flexner dysentery somatic antigen by measuring the radioactivity present in various organs of the rat after administration of a purified preparation of the antigen labeled with 1131. By seeking a target we wish to approach the problem simply and without assumptions as to the mechanism of infection and disease. We wish to describe as far as possible what this toxic antigenic material does in the host. "Target" refers to the system of receptors, whatever they may be.
Critical analysis of present understanding" '9 ''' [16] [17] [18] [19] regarding the loci of the interaction of this toxic antigen with cells permits no definite conclu-sions other than (a) the possibility that some cells of the colon are the ones to suffer a primary invasion and are especially susceptible to the toxin and (b) indications of a direct toxic effect on other tissues are minimal in reports made so far. Isotopes have been used previously to label antigens and antibodies.l'a APPROACH AND LIMITATIONS OF THE EXPERIMENTS In approaching this problem one major consideration is that of adequate purity of the toxin-antigen, since appreciable amounts of impurity, if capable of diazotization, could lead to serious errors in the distribution data. To meet this as far as possible two different antigen preparations were used, each obtained by a separate method involving a number of steps in purification. One gave partly particulate aqueous solutions, the other, opalescent clear ones.
It is also important that the label be attached to the purified toxin-antigen in firm linkage and only in such form; otherwise, one could not follow the fate of the labeled material accurately. To accomplish this purpose, a synthesis on a micro scale had to be developed for p-iodoaniline of which the iodine was composed in part of I31. This substance was isolated in pure form and was diazotized to the antigen under conditions controlled by first treating horse serum globulin and also antigen with non-radioactive piodoaniline. To remove excess reagent the product was dialyzed thoroughly, after which it was found to have taken up 55% of the amount of piodoaniline calculated on the basis of the reported tyrosine content of 8% by weight,"5 the tyrosine presumably being part of a polypeptide moiety of the antigen molecule.
Stability of the label on the antigen was tested in the fifth experiment in which the animal was sacrificed after 24 hours. Liver and blood were dialyzed for 36 hours with no radioactivity appearing in the dialysate. Some of the labeled antigen, of which part was given to the rat, was dialyzed similarly at this time with the appearance of 6.5%o of its activity in the dialysate. Also a sample of the urine from the sixth (72 hours) experiment was dialyzed in the same way, 50%o of the activity being found in the dialysate. The latter finding suggests that some of the material may be split in the process of excretion although bacterial action cannot be excluded. Landsteineru has provided ample evidence of stability of the diazo-linked antigen, at least for as long as required to stimulate production of antibodies. Stability of the iodine is demonstrated by the complete recovery of activity in the organs and the urine (Tables 4 and 6 ). If iodine had been freed, much of it should have found its way to the thyroid gland and this would not have been recovered in the urine and organs isolated.
The results would be of doubtful significance if the toxicity of the labeled material were appreciably different from that of the unlabeled antigen, or if the animals were not sacrificed near the time of maximum toxicity. The latter objective was sought by observation and, for Experiment #1, also by analogy with a large number of toxicity studies in rats and mice. Evidence for identity of toxicity of the labeled and unlabeled material was obtained by finding that symptoms and degree of weight loss were indistinguishable between the natural and the labeled toxin. The interpretation of the results is also dependent on a dose being given that is just enough to make the animal moderately ill. Since this was done, all of the antigen given to each rat can be considered necessary to the diseased state.
Justification for applying to the natural disease information derived from studies employing certain chemical substances has come from experimental work' 4 9 10 is is showing that the symptoms of dysentery can be reproduced in animals by extracts, in the absence of live bacteria. This justification was further substantiated by a large number of toxicity tests on mice' in which identity of symptoms was observed both in the experimental infection and after injection of a purified antigen of Flexner bacilli.
In six different experiments the toxin-antigen was given by various modes of administration to rats in doses so chosen that moderate definite signs of toxicity appeared. After a suitable period the animals were killed by ether inhalation, the organs removed promptly and their radioactivity measured. As the work was so exploratory in nature, the aim of each of the six experiments was based on the results of previous oites.
RESULTS
The first experiment was performed in order to obtain orientation regarding distribution of the toxin; 4.75 mg. of the partly particulate antigen A, labeled with F131, and containing a total measured activity of 15.5 X 102 c/s,* were given to one 100 g. rat intraperitoneally, as done routinely in toxicity tests. After 18 hours, although the animal looked quite well, he had lost 5.5 g. of weight; for several hours after the second hour he showed mild signs of weakness, irritability, ruffled hair, unwillingness to move, and rapid, shallow respirations. Previous experience with the antigen in mice and rats showed that the rat probably was experiencing a maximal toxic effect up to 18 hours and therefore it was sacrificed at this time.
On opening the peritoneal cavity the orange color of the azoantigen was visible in several areas in the mesentery, an appreciable fraction of the injected substance having been unabsorbed. A piece of mesentery that showed minimal evidence of orange-colored material was removed and found to have a specific radioactivity almost five-fold greater than that of any other tissue isolated (Table 1) . Of the total antigen administered only 4 .4%o was found in the organs isolated (including the blood), and 5.5%o was excreted in the urine. Recovery in the second experiment (Table 2) , where the antigen was given intravenously, shows that the few tissues not isolated in this first experiment, such as bone and skin, could have taken up no more than an amount of antigen equivalent to that in the organs isolated. Therefore, Numerous studies on mice1" have shown that 18 to 20 hours after intraperitoneal injection of Flexner antigen preparations the signs of toxicity diminish rapidly. In the rat, also, it was found by preliminary tests that after the 18-hour period toxicity effects were absent. From the finding in the peritoneal cavity of about 85% of the administered dose near the end of the period of toxicity it is apparent that some change must occur to permit improvement to take place in the presence of such large additional amounts of labeled antigen still available for absorption. In view of the fact that much of the material is present as a solid phase at this time, concentration of the antigen in peritoneal fluids should remain fairly constant and it is likely that the change occurs in the reaction of the tissues of the rat to the antigen. Whether this takes place in the organs and other potentially susceptible tissues, or in the peritoneum itself, or in both is not discernible.
The fact that improvement takes place regularly over a period of less than three to six hours, and does so in the presence of large amounts of antigen available for absorption means (i) that the effects of this Flexner toxin are not cumulative in the rat over a period of a few hours, as contrasted with effects of tetanus toxin, for example, and (ii) that interaction with the tissues is either reversible or results in some chemical change by which toxicity is rapidly destroyed and the tissue elements involved are restored quickly. Since the effects of the toxin are not cumulative, degree of toxicity must be a function of concentration of toxin in extra-and intracellular fluids at any given time, with allowance for the unknown time constant, or lag, determined by the over-all rate of the interaction of toxin and target. The rate of this interaction process also would have bearing on the rate of recovery. The time of combination of target with enough toxin to produce symptoms of toxicity is no greater than a matter of minutes in view of the development of extreme toxicity in less than 15 to 20 minutes after intravenous administration of the toxin in succeeding experiments.
Of the total antigen found absorbed, 55%o had been excreted in the urine, and 44%o was found in the organs. Only 0.2%o of the amount absorbed appeared in the feces eliminated during the experiment. Of the total activity found in the blood and the organs, muscle contained 27%o, liver and spleen 34%o, blood 10%o, and all the rest 29%o. It is worthy bf note that of all the organs examined brain had no measurable activity. A feature of the findings was the rather general distribution of the toxin with no special predilection for the colon or other part of the intestinal tract. In fact, concentrations in the colon were especially low.
If the tissue concentrations observed were derived entirely from the blood contained in the tissue and if one may assume a mean blood content for the isolated, bled tissues of about 8%o of their wet weight, or less, it is evident that tissue concentrations found to be in excess of 0.34 tLg./g. (4.2 X 0.08) signify distribution of antigen in extravascular areas. This is seen to apply to all organs measured except the brain. The ubiquitous distribution in tissues indicates facile passage through vascular walls and is in keeping with the excretion of over one-half of the material found to be absorbed in 18 hours.
Assuming a mean extracellular and vascular volume of about 23%o of wet tissue mass and a concentration of antigen in extracellular space no higher than that in blood, it is evident that tissue concentrations in excess of 0.97 tug./g. (4.2 X 0.23) signify that antigen entered the cells. This is true for all organs except brain, although muscle concentrations were only one-third higher than this minimum. Except for muscle, colon, testis, and brain these cellular concentrations must have been of the same order as that of blood, or higher, namely, 4.2 X 1Jt3 uxg./g. of blood or, approximately, of tissue. The dose given was approximately one-tenth of an L.D.50 dose for the rat on the basis of toxicity studies in mice and rats.' The L.D.50 level of antigen in rat blood, therefore, would appear to be about 4 X 10-2 ug./g. Deleterious effects on the unknown physiological target of dysentery antigen might be looked for in the concentration range of 1 X 103 to 5 X 10-2,g./mg.
A comparison of the blood and urine activity levels shows that the material is concentrated by excretion through the kidney in the order of thirty-fold. During the 18 hours of the experiment the kidney cleared the blood of an amount of antigen 25% greater than that found in the blood and organs at the end of the period.
In the second experiment, designed to compare the little-known effect of intravenous introduction of the antigen with that of intraperitoneal injection, about 5%o of the dose given to the first rat was injected into the femoral vein of another 100 g. rat which was killed four hours later. This animal looked toxic, with labored breathing, tenseness, ruffled hair, and unwillingness to move head or limbs on recovering from the ether, unlike a control rat given saline, and these symptoms continued for the four hours of the experiment. No urine or feces were passed. Blood level of antigen was 1.7 ,g./g., which is of the same order as the level of 4.2 ug./g. in the first experiment when the antigen was administered intraperitoneally and the animal likewise killed during the period of toxicity.
The liver took up the antigen four times as avidly as the spleen. Concentration reached a peak in the lungs where it was twice as high as in the liver, the lungs being the first capillary bed reached by the material. Lower relative values for concentration in the lung in the first experiment may have been caused by filtration of the antigen in the process of absorption from the peritoneum (see also results of the third experiment).
The lower ileum was remarkable for having concentrated the antigen to an even greater extent than the spleen, but the colon remained low in antigen content which was again just a little higher than that in striated muscle. No labeled material was found in the brain.
This experiment confirms the ubiquitous distribution in extravascular space found in the first experiment, and, similarly, concentrations in organs in excess of 0.39 ,ug./g. (1.7 X 0.23) should signify the presence of antigen in the cells. Quite a number of organs, including colon, had levels of toxin too low for this specification.
In both this and the first experiment unequal distribution in various tissues and evidence for the presence of the antigen in the cells suggest that the reacting target exhibits specificity for the antigen and is unevenly distributed among the organs. Further, access of the antigen to the tissues may be different for each organ. Access is determined largely by net permeability which suggests a degree of specificity also. The possibility that the distribution of the target may be caused by unequal distribution of some type of cell leads us to consider the types of cell distributed widely, such as The concentration of antigen as well as the total amount in the lung fell to about one-third of their values in the second experiment, although liver levels were about the same (Table 3 ). It is apparent that large amounts of antigen were filtered out by the muscle and other capillary beds throtugh which the antigen first passed. The absence of labeled antigen in other muscle (Table 3) shows that filtration was accomplished almost entirely on first contact. Apparently, much of the uptake by the lung in the second experiment was made up of larger particles filtered out in early contacts with the antigen, particles also filterable by muscle. The other findings confirm those of the first and second experiments. Total in all voluntary muscle, assuming weight of latter is equal to 40% of the weight of the whole animal.
The fourth experiment was carried out for two purposes: (i) to compare the distribution found in the preceding three experiments, in which a collodial, semi-particulate antigen was used, with that resulting from injection of a completely soluble one, and (ii) to begin a series of three experiments to study the distribution of the antigen with respect to time.
For this purpose a purified antigen, B (see "Experimental"), was given in accordance with previous standard measurements of toxicity, the rat showing the usual signs of toxicity in moderate degree during the four hours of life following injection into the femoral vein.
In general, the distribution confirms that already found, with low levels in colon, muscle, etc. (Table 4 ). The blood level was the same as that in the second experiment in which the antigen was given intravenously also. The comparable blood level can be taken as some measure of the degree of reproducibility of the experiments.
As expected, concentration in the lung fell, from 23 ug./g. in the second experiment to 9 tug./g. in the fourth, in keeping with the change in the collodial properties of the antigen. The difference in total uptake is 11 ,ug., which must have been available in this experiment for absorption or excretion elsewhere.
On the other hand, the liver unexpectedly took up 199 ,ug. of the antigen which was 80%o of that injected. Also, the dose given to the animal was completely recovered in the organs. Had the liver taken up the same amount of the antigen, as it did in the second experiment, the total deposit in the organs would have amounted to 128 ug., a value very close to the total 135 ug. in the earlier experiment. Thus, about the same total amount of antigen was found in the organs other than the liver as was found when the more particulate antigen was used. It is evident that the increase in total uptake, yielding quantitative recovery of the antigen injected, was due to deposition in the liver. This occurred in competition with excretion by the kidney and suggests that the uptake .was rapid, in keeping with the rapid onset of toxicity.
It is apparent from this finding and from any of the four tables that the affinity of the liver for the antigen is very much greater than that of any other tissue. Although it is possible that the reticulo-endothelial and related cells were responsible for all or most of the labeled material found in the liver, it is quite possible that they took up no more than a small fraction of the total. Comparison of uptake of the two antigen preparations by liver and spleen does not fit the usual role of the reticulo-endothelial cells and also in many of the tissues the vascular system shows little or no affinity for the antigen. Furthermore, calculation shows that the reticulo-endothelial cells would have had to concentrate the antigen in the order of two thousand-fold over the concentration in the blood. If the r6le of the reticuloendothelial system were specific, the disease syndrome would appear to arise in some way from the relatively low concentrations in other organs since one would not expect the toxic effect on the animal to be mediated through the reticulo-endothelial system. Therefore, it is quite possible that the antigen was present in high concentration in the hepatic cells. Also in the fourth experiment, as noted, the rate of uptake by the liver must have been rapid. It may be concluded that the biochemical target of this antigen appears to be present to a relatively large extent in the liver cells and that it combines rapidly with the antigen. In fact, most of the target that is present in rat cells, probably more than 80%, seems to be contained in the liver.
The fifth and sixth experiments were designed to measure distribution after longer periods of time. Each rat was given the same material as in the fourth experiment, the fifth experiment being terminated at the end of 24 hours, the sixth at 72 hours. After 72 hours (Table 6 ), the liver, spleen, lungs, kidney, and blood lost about 60%o of their antigen content at the four-hour point, namely, 151 ug. (Table 4 ). Of this, 49 ,ug. were taken up in muscle, testis, and epididymis, colon, thymus, and middle ileum, while the rest appeared in the urine. Several of the organs with increased uptake showed concentrations comparable to those in the liver. During the 72 hours, 145 pg. of antigen were lost in the urine in decreasing amounts each day. The feces showed negligible amounts. The observations in Tables 4, 5 , and 6, taken together, show that chiefly between the 24th-and 72d-hour observations, a large amount of antigen was removed from the liver and a few other organs and deposited in certain tissues or excreted. In the blood at 24 hours there was not more than 5%o of the amount needed for the new deposits, and yet at 72 hours the blood retained levels comparable to those in the organs at that time. The removal of toxin from one tissue and its deposition in another shows that the toxin can move into the blood from cells in which it had previously been deposited from the blood. The deposition in certain other tissues of toxin liberated from the liver shows that the early process of uptake continues long after the animal has recovered. This process together with all other findings is characteristic of a dynamic equilibrium, which here seems to exist between antigen and target in the various cells of the body, mediated by the extracellular fluids and the blood. Apparently, the antigen interacts with the target in some reversible way. As previously concluded, this means that the toxic effect is dependent upon concentration of antigen at the site of the target and that the effect is essentially not cumulative. If the target were an enzyme system, one would look for inhibition of the enzyme by the antigen in competition with one or more substrates of that system.
Since some tissues showed an increase in concentration of antigen at 72 hours in the face of apparently falling blood levels but did not do so at the 24-hour point, it must be concluded that some change occurred in them by 72 hours signifying an increase in demand for the antigen. It seems possible that this may represent the earliest stages of a response, perhaps the immune response, on the part of some of the tissues to stimulus provided by the toxic action of the antigen. The synthesis was begun by adding to a mc. of carrier-free radioactive iodine in 1.6 ml. of 0.014 N NaOH solution 21.8 mg. of potassium iodide, 0.1 ml. of 2.25 N hydrochloric acid, and 5.76 mg. of potassium iodate. The free iodine was extracted by ether, the ether evaporated to dryness, and the iodine converted to iodine monochloride on a micro scale by the method of Chattaway and Constable.! Iodine loss in the form of iodine trichloride was minimized by providing conditions for early appearance of the latter as a precipitate, i.e., by passing chlorine very slowly into a chilled solution.
The radioiodoacetate was recrystallized once from 95% alcohol and the final product, radio p-iodoaniline, was recrystallized twice from a gasoline distillate collected between 750 and 1350, yield 2.31 mg., m.p. 60.50 to 61.20 uncorr. (reported m.p. 62°-63°, Brewster'). Similar results were obtained in preliminary syntheses using non-isotopic iodine.
For the subsequent experiments, radio-p-iodoaniline was prepared essentially by the method described by Brewster' and by Reiner and Keston.' This was done because the synthesis by way of iodinemonochloride required a month to complete even though each step had been carefully worked out beforehand; also in this simplified method the iodine is in volatile form for a shorter time. Since half of the iodine is converted to sodium iodide in the procedure, the alkaline filtrate from the reaction mixture may be treated with iodate and aniline again and the resulting alkaline filtrate retreated with iodate and aniline; the precipitates of p-iodoaniline then may be combined. The product was recrystallized as the sulfate from water once, and the p-iodoaniline was obtained by neutralizing with bicarbonate and centrifuging. In a preliminary synthesis the isolated iodoaniline gave a m.p. 620-62.5°, uncorr. (reported m.p. 620-63°, Brewster'). This synthesis required six days for completion.
Syntthesis of azo compound of dysentery antigen and radio-p-iodoaniline.
Two different preparations of the somatic antigen of Flexner dysentery bacilli, Type III, Z, were used, one referred to as antigen A, was purified extensively by very mild means.2 Forming a milky solution with a fine particulate suspension, it was highly protective to mice on the basis of a standard level of toxicity' and was used for Experiments I, II, and III (see corresponding tables). The other, referred to as antigen B and purified by the method of Morgan and Partridge,'5 contained the carbohydrate and protein components of the antigen, dissolved completely giving a slightly opalescent solution and by mouse tests was found to be less protective per unit of toxicity than antigen A.
One and eight-tenths mg. of radio-p-iodoaniline were diazotized and coupled to 5 mg. of antigen, the coupling being carried out at a pH just alkaline to phenol-phthalein over a period of 15 minutes.
The light orange product was dialyzed against distilled water for 44 hours and the final dialyzed solution was raised to a volume of 4 ml., to which 36 mg. of sodium chloride were added. A portion of the antigen solution was removed and found to contain a standardized radioactivity of 0.87 X 103 counts per second per mg. of antigen.
Counting procedures and preparation of samples. A sample of each organ was dried overnight at 950, ground to a powder, resuspended in water or alcohol and dried as evenly as possible in a tin-plated steel cup at 950 for counting.
Results were corrected for absorption from a standard curve made by mixing various amounts of fresh liver with 10-3 rutherfords of iodine having 10 mg. of potassium iodide as carrier, and counting under identical conditions. Controls were run to test possible loss of iodine on drying. Separate absorption curves were used for blood and urine. The Geiger equipment was standardized for constant performance by a 60-cycle, 120 impulse/sec. input, by a C14 standard sample, and by use of an oscilloscope. Correction for decay was made from a decay curve for each preparation of I131.
Injection of animals. The intravenous injections were made by making a small incision over the femoral vein in the inguinal region under light ether anesthesia and inserting a #26 needle into the exposed vessel. The arterial injection was made into the abdominal aorta after exposure through an abdominal incision.
Errors. Measurement errors of the counting technique were shown to be less than 5%o, and frequent daily checks were made. Organ weights, wet, are accurate to less than 1%o. Six different experiments attest to the validity of the data except for the 72-hour results which are based on one animal. Here the total balance of isotope fits the changes in distribution well and leaves only the possibility that this rat is abnormal. SUMMARY AND CONCLUSIONS When purified Flexner dysentery (Type III, Z) somatic antigen, labeled with I131, is injected into the vascular system of a rat, it is distributed within four hours to most body tissues. Given intraperitoneally, only 10%o is absorbed over 18 hours.
The antigen is present in tissues at 18 hours in such concentration as to indicate its presence within the cells of all organs except the brain. The colon is notable for its low concentration and liver for its extremely high one. Excretion occurs through the kidneys and only slightly in the feces, there being a thirty-fold concentration of the antigen by the kidney. The concentration value for the blood is close to that of many of the organs and the blood retains significant activity after 72 hours.
By 72 hours after injection much of the antigen has left the liver and several other organs and has been either excreted or taken up by muscle, sex organs, and a few other tissues.
It is concluded that this toxin-antigen after absorption passes freely through capillary and cellular membranes and circulates in body fluids in a dynamic and reversible equilibrium with a specific, cellular, biochemical target with which it interacts to produce in some way signs of toxicity in a manner of minutes after reaching the blood stream. The approximate L.D.50 concentration of antigen in rat blood appears to be about 40 Mug./g. The target is contained to varying extent or specificity in the cells of most tissues, the liver being by far the most important and the colon not a primary site at all. In the liver the target may be contained chiefly in the hepatic cells. The other components of the equilibrium are excretion through the kidneys and absorption from some depot or source. Degree of toxicity is a function of concentration of the antigen in body fluids and the effect of toxin on the biochemical target is not appreciably cumulative.
After 18 hours there is evidence of a tissue reaction which lessens the effect of the toxin depot and by 72 hours there is evidence of tissue response in some cells, such as muscle, leading to an increased capacity for combining with the antigen. A role for this and other targets in the production of immunity by means of a local regenerative response is postulated.
